Abstract Aims/hypothesis: Diabetic autonomic neuropathy affects many physiological systems, producing a variety of important clinical manifestations. It is associated with high morbidity and mortality, particularly during times of stress. This is thought to be due to an increased risk of cardiac arrhythmias, although the exact mechanisms involved have yet to be fully elucidated. The aim of the present study was to investigate the endocrine, cardiac autonomic and psychological responses of diabetic patients with and without autonomic neuropathy to a single breath of 35% CO 2 . Methods: The 35% CO 2 challenge was performed in 20 male diabetic subjects, 11 of whom had autonomic neuropathy. Results: Baseline and stimulated cortisol, prolactin, systolic blood pressure and emotional arousal were similar in the two groups. However, subjects with autonomic neuropathy failed to demonstrate the expected CO 2 -induced bradycardia seen in the non-neuropathic patients (p<0.0001). Conclusions/ interpretation: The CO 2 challenge can be safely and easily administered to produce hypothalamic-pituitary-adrenal axis and cardiac autonomic activation, as well as emotional arousal. The test clearly distinguishes between subjects with and without cardiac autonomic neuropathy and could be an important adjunct to the methods currently available for the investigation and diagnosis of diabetic autonomic neuropathy.
Introduction
Autonomic neuropathy is an important chronic complication of diabetes that produces a variety of clinical features and physiological changes which are related to the widespread involvement of the sympathetic and parasympathetic divisions of the autonomic nervous system [1, 2] . Damage to peripheral nerves is related to glycaemic control, and the frequency of clinically apparent neuropathy is related to the duration of diabetes and the adequacy of control [1] . The exact pathological mechanism responsible for this is unknown; however, it is likely to be multifactorial in origin and involve both metabolic and vascular factors [1, 3] .
The prevalence of autonomic neuropathy is highly variable depending on the diagnostic criteria used and the population studied [4] , with recent studies in type 1 diabetic patients suggesting prevalence rates of 20-36% [4, 5] . Many patients with diabetes demonstrate abnormalities of autonomic function on specific testing without having any clinical symptoms [1] ; however, once established, autonomic neuropathy is associated with a significant deterioration in quality of life and increased morbidity and mortality [1, [6] [7] [8] [9] . The increased risk of premature death has been demonstrated in several studies [7] [8] [9] , one of which reported that the 5-year mortality rate is increased by a factor of five in type 1 diabetic patients with autonomic neuropathy compared with that in those without neuropathy [7] . The mechanism behind this increased mortality is unclear, although most hypotheses have implicated the increased arrhythmogenic potential of cardiac autonomic neuropathy [8] . However, not all studies have shown an increase in cardiovascular (as opposed to all-cause) mortality, or even an increased prevalence of non-fatal arrhythmias [8] . Furthermore, it has also been noted that the majority of deaths appear to occur during times of acute stress or during sleep [10] . Several studies have therefore examined the integrity of the stress response in people with diabetic autonomic neuropathy. Most of these studies have concentrated on the response to hypoglycaemia, and reduced counter-regulatory hormone responses with impaired sympatho-adrenomedullary (SAM) function are well described [11, 12] . Responses to other challenges are more variable [2, 13, 14] .
We have been developing a novel test of the human autonomic and neuroendocrine stress response for use in clinical populations. The test, which involves a single breath of 35% CO 2 , is safe and easy to administer. It generates a hypothalamic-pituitary-adrenal (HPA) and prolactin response, as well as an autonomic response that has clearly identifiable parasympathetic and sympathetic components [15] . In order to further evaluate the pathogenesis and potential mechanisms that may contribute to the increased mortality experienced by patients with diabetic autonomic neuropathy we performed this test in two groups of diabetic patients, one with autonomic neuropathy and one without.
Subjects and methods
Subjects Twenty male subjects aged between 18 and 70 years with diabetes of at least 3 years duration were recruited from the Bristol Royal Infirmary. According to the criteria described below, 11 were classified as having autonomic neuropathy (DAN+), whilst the remaining nine had no evidence of autonomic dysfunction (DAN−). Subjects were asked to attend once, where they all received a single breath of 35% CO 2 according to the protocol described below. The Ethics Committee of the United Bristol Healthcare Trust approved the study and all subjects provided written informed consent prior to participation.
Autonomic function studies were performed after a 15-min rest period, but were not analysed until after the completion of the CO 2 challenge. On the day of testing, all subjects were asked to attend between 11.00 and 12.00 hours and had their blood glucose level measured on arrival. Testing was only undertaken if subjects had blood glucose levels between 5 and 12 mmol/l. An intravenous line (Venflon; Viggo Spectramed, Helingsborg, Sweden) was placed in an antecubital vein and subjects were asked to rest quietly on a bed prior to autonomic function studies being performed. A 12-lead ECG was recorded and autonomic function studies were performed according to the method of Ewing and Clark [16] . This procedure involved determining the R-R interval from lead II of the ECG and classifying subjects according to the results of the following tests [13] .
1. The supine position test was used to determine the variation in sequential R-R intervals after a 1-min rest (normal ≥1.4, borderline 1.1-1.3, abnormal ≤1.0). 2. The expiration/inspiration (E:I) ratio was assessed with the subject breathing at maximal vital capacity (VC) at a regular rate of six breaths per min. During each expiration-inspiration cycle, the ratio of the longest to the shortest R-R interval is calculated and the mean of six ratios taken as the E:I ratio (normal ≥15 bpm, borderline 11-14 bpm, abnormal ≤10 bpm). 3. The Valsalva index was calculated by dividing the longest R-R interval following a Valsalva manoeuvre by the shortest R-R interval during the manoeuvre (normal ≥1.21, abnormal ≤1.20). 4. Postural hypotension was determined by comparing the supine systolic BP after a 5-min rest with the systolic BP after 1 min in the standing position (normal <20 mmHg, abnormal >20 mmHg).
Using these criteria, subjects were classified as having no autonomic neuropathy (all four tests normal; DAN−) or as having definite autonomic neuropathy (first three tests all abnormal; DAN+) with or without postural hypotension (depending on the result of the fourth test).
Procedure The CO 2 test involves taking a single VC breath of a mixture of 35% CO 2 , 65% O 2 and has been described in detail elsewhere [15] . Briefly, the device used for administering the gas comprises a 10-l silicone 'Douglas' bag (Hans Rudolph, Kansas City, MO, USA) filled with the gas mixture which is obtained from a commercial source (BOC Gases, Guildford UK). The Douglas bag is connected via an analogue flow meter (Ohmeda Medical, Columbia, MD, USA) to a manual three-way valve (Hans Rudolph). One of the remaining two ports of the three-way valve is open to air, and the other is attached to a silicone mouthpiece (3-cm diameter). Subjects have their nose occluded with a nose-clip whilst they breathe through the mouthpiece. The three-way valve allows the operator to control whether the subject is breathing room air or the gas mixture. Inspired VC is determined using the flow meter.
After completing the autonomic function testing, subjects were shown the device used for the delivery of the CO 2 breath and instructed in its use. All subjects received the same instructions. Subjects were told that they would have their nose occluded with a nose-clip whilst they breathed room air through the mouthpiece. When instructed, they would be asked to take a deep breath in and exhale fully. The operator would then turn the tap to open the port of the Douglas bag, and the subject would be asked to take one full deep inspiration and hold it for a slow count of four. The operator would subsequently turn the tap back to the original position, after which the subjects would exhale and then breathe normally. With the Douglas bag disconnected, subjects performed a number of practice breaths in order to get used to using the device, understand the instructions, and to record a baseline VC breath. As has been demonstrated previously, activation of neuroendocrine systems requires a full VC breath to be taken. The test breath VC was measured and compared with a baseline VC air breath. Exposure was considered adequate only if the test breath was at least 80% of the baseline breath.
Subjects were excluded if they had poorly controlled diabetes (defined as a recent HbA 1 c≥10%), uncontrolled hypertension, a history of recent angina or ischaemic heart disease, or any history of cerebrovascular disease. Other exclusion criteria included age >70 years, a history of asthma, or a history of panic disorder or severe anxiety. Patients were allowed to remain on their usual medications provided there had been no recent (within 8 weeks) change and they were not taking exogenous glucocorticoids, antidepressants, antipsychotics, anti-anxiety agents, β2 agonists or centrally acting antihypertensives. Other antihypertensives were allowed, and one subject (in the autonomic neuropathy group) was taking a β-blocker. Subjects were asked to avoid consuming cigarettes, alcohol and caffeine for 24 h prior to testing.
Monitoring Cardiovascular monitoring commenced 5 min before the test breath and continued for 5 min after. Systolic BP and heart rate were recorded automatically every minute using an automated Dynamap cardiovascular monitor (Critikon, Tampa, FL, USA).
Subjective feelings of anxiety, fear and breathlessness were recorded using standard 100-mm visual analogue scales. A similar analogue scale was employed to record somatic symptoms of panic using a 39-point questionnaire [17] . Questionnaires were administered immediately before and immediately after the CO 2 exposure.
Two baseline blood samples were taken at −10 and 0 min before exposure, and three post-exposure samples were taken at 10, 20 and 30 min. On each occasion, 5 ml of venous blood was collected and assayed within 24 h for cortisol and prolactin using standard immunometric assays (Immulite 2000; DPC, Los Angeles, CA, USA). The intraand inter-assay CVs were 5.3 and 7.2%, respectively, for cortisol and 2.5 and 6.9%, respectively, for prolactin.
Statistical analysis Data are presented as means ± SEM. Two-way repeated measures ANOVA was used to determine between-group differences and time effects, and two-tailed t-tests were used to compare single time-point data including baseline differences. Fisher's exact test was used to compare categorical outcomes. A p value of less than 0.05 was considered statistically significant.
Results
The CO 2 challenge was well tolerated by all participants, with no significant adverse effects recorded. Anxiety symptoms were all mild and transient, lasting from a few seconds to a few minutes only. One individual (from the DAN− group) did not take an adequate breath of CO 2 (VC <80% of baseline), and data for this individual was excluded from the analysis. Table 1 ). In addition, subjects in the DAN+ group were more likely to have other microvascular complications of diabetes, and were more likely to be on antihypertensive medications. The proportion of subjects with type 1 diabetes was not significantly different between the two groups. Three (27%) of the 11 DAN+ subjects also had postural hypotension.
The two groups had similar cortisol and prolactin levels at baseline (Fig. 1a, b) . Cortisol levels increased significantly in both groups in response to a single breath of 35% CO 2 (p=0.02); the maximum change in cortisol levels was similar for the two groups (Fig. 1c) . The prolactin response to 35% CO 2 did not reach statistical significance in either group (Fig. 1d) . Fig. 1 Cortisol and prolactin responses to 35% CO 2 in diabetic subjects with and without autonomic neuropathy. Baseline concentrations of cortisol (a) and prolactin (b) are shown along with the maximum stimulated cortisol (c) and prolactin (d) responses in 11 subjects with autonomic neuropathy (DAN+) and eight subjects without (control). The data shown are means ± SEM Fig. 2 Cardiovascular responses to 35% CO 2 in diabetic subjects with and without autonomic neuropathy. The systolic BP response is shown over time (a) with the peak response (b). Similarly, heart rate responses are shown over time (c) with the peak response (d). The data shown are the means±SEM for 11 subjects with autonomic neuropathy (DAN+) and eight without (control). *p<0.0001 vs control As shown in Table 1 and Fig. 2a , the DAN− and DAN+ groups had similar blood pressures at baseline (135/74 and 137/70 mmHg, respectively). Both groups showed a significant pressor response to 35% CO 2 (p=0.03); the change in blood pressure from baseline was not significantly different between the DAN− and DAN+ groups (+13.2±1.7 vs +12.3±3.7 mmHg, respectively) (Fig. 2b) . At baseline, heart rates were consistently higher in the DAN+ group than in the DAN− group (76±3.5 vs 69±3.2 bpm) (Fig. 2c) ; however, the between-group difference did not reach statistical significance (p=0.17). There was a significant difference between the two groups in terms of the heart rate response to 35% CO 2 (p<0.0001; F=44.4). Subjects in the DAN− group demonstrated a significant bradycardic response that was similar to that seen in normal healthy volunteers (−10.5±1.9 bpm, p=0.001 compared with baseline). Conversely, none of the DAN+ group demonstrated a bradycardic response; the mean maximum change in heart rate in this group was +2.7±1.3 bpm (p=0.09 compared with baseline) (Fig. 2d) .
No correlation was observed between the maximum change in heart rate and the maximum change in systolic BP in either group (Fig. 3) .
At baseline, anxiety, fear and somatic symptoms of anxiety were minimal in all subjects and did not differ between the two groups. In response to 35% CO 2 there were significant increases in subjective feelings of anxiety, fear, breathlessness and in some specific somatic sensations of fear (p<0.001). The maximum change in these feelings was not significantly different between the two groups (Fig. 4a, b) .
Discussion
In this study we have evaluated the effects of diabetic autonomic neuropathy on the neuroendocrine, autonomic and psychological responses to a novel 35% CO 2 stress paradigm. Despite baseline differences in the age of subjects, duration of diabetes and the presence of microvascular complications between the two groups, there were no significant differences in resting hormonal, cardiovascular or psychological parameters. Similarly, the presence of autonomic neuropathy did not impair the cortisol, blood pressure or psychological responses to CO 2 . There was, however, a striking difference between the two groups with respect to the heart rate response. The expected response, as determined from previous studies of the CO 2 challenge in healthy volunteers, includes initial bradycardia followed by a noradrenaline-mediated increase in total peripheral resistance and a pressor response [15, 18] . Although all of the DAN− subjects had a bradycardic response, this was not seen in any of the DAN+ patients.
The bradycardia appears to be regulated independently of the pressor response and most likely involves the direct activation of brainstem vagal nuclei by CO 2 . This is supported by the lack of any correlation between the change in heart rate and the pressor response in either group, indicating that the bradycardia is not simply a reflex baro- Fig. 3 Relationship between the maximum change in heart rate and the maximum change in systolic BP following a single breath of 35% CO 2 in 11 subjects with autonomic neuropathy (○) and eight without (•) Fig. 4 Psychological responses to 35% CO 2 in diabetic subjects with and without autonomic neuropathy. The changes in subjective anxiety, fear and breathlessness immediately following the challenge are shown (a), along with the changes in some commonly experienced somatic sensations (b) in 11 subjects with autonomic neuropathy (white bars) and eight without (black bars). The data shown are means ± SEM receptor response. Cardiac autonomic neuropathy is typically diagnosed using a battery of manoeuvres designed to evaluate predominantly efferent cardiac vagal activity [19] by assessing R-R interval variability and baroreceptor reflexes. In a review of these various manoeuvres it was apparent that, in diabetic autonomic neuropathy, parasympathetically mediated heart rate control is affected earlier than sympathetically mediated vasomotor control. Furthermore, responses to one test of vagal activity may differ from responses to another test [19, 20] . By examining responses to direct vagal stimulation, this test may offer some additional insights into the potential mechanism responsible for the increased mortality observed in patients with cardiac autonomic neuropathy. The Polyvagal Theory [21] distinguishes between the rhythmic beat-to-beat variations in heart rate [mediated by phylogenetically newer myelinated fibres from the nucleus ambiguus (NA)] and the marked bradycardia (mediated by more primitive unmyelinated fibres from the dorsal motor nucleus) that is occasionally observed during acute stress. It has been postulated that withdrawal of the NA component of the vagal response during acute stress allows sympathetic stimulation to predominate. However, the removal of this component leaves the individual susceptible to the effects of excessive neurogenic bradycardia if sympathetic compensation is inadequate, and this is the likely explanation for neurogenic syncope [21, 22] . In addition, this is probably the mechanism responsible for the bradycardia seen in normal volunteers in response to the 35% CO 2 challenge. It seems likely that the parasympathetic neuropathy associated with diabetes mellitus affects the outflow from both of the vagal nuclei that would normally act to protect the individual from excessive sympathetic stimulation, which may then increase the likelihood of cardiac tachyarrhythmias [8, 21, 22] .
Baseline and stimulated cortisol responses were equivalent in subjects with and without diabetic autonomic neuropathy. This suggests that the HPA axis response to this challenge remains intact in diabetic subjects and is independent of peripheral autonomic dysfunction. However, it should be noted that subjects in the present study were matched in terms of glycaemic control and all had relatively normal glucose levels at the time of testing, and previous studies have reported that uncontrolled diabetes and acute hyperglycaemia or hypoglycaemia may be associated with altered HPA axis activity [12, 23] . Cortisol responses to graded exercise have been shown to be impaired in diabetic subjects with autonomic neuropathy, albeit only at maximum workload [14, 24] , and it has been suggested that this is due to an impairment in sympathetic afferent impulses [24] . Exercise at maximal workload is a complex stressor that involves other neurohormonal pathways, such as growth hormone (which is also blunted in those with diabetic autonomic neuropathy), and the HPA axis response to exercise is almost certainly mediated through different pathways to those involved in the response to CO 2 challenge [14] .
Reduced circulating and stimulated levels of prolactin have previously been demonstrated in patients with poorly controlled diabetes and in laboratory animals with induced diabetes [25, 26] . The mechanism responsible for this is not fully understood; however, recent evidence suggests that a reduction in lactotroph number within the pituitary is involved [26] . This may explain the lack of any significant prolactin response to CO 2 in both groups compared with that previously observed in non-diabetic healthy volunteers, who typically demonstrate significant prolactin release in response to this challenge [15] .
Finally, emotional arousal in these two groups of patients, as measured by subjective anxiety, fear, breathlessness and somatic symptoms of fear, was no different to that seen in healthy volunteers, with autonomic neuropathy having no additional effect on anxiety or other psychological responses. This would appear to reinforce the notion that psychological responses to 35% CO 2 appear to be mediated through pathways involving central chemoreceptors which are probably stimulated independently but may subsequently influence hypothalamic (HPA and prolactin) and brainstem (SAM) centres through reciprocal connections.
In conclusion, the present study demonstrates normal cortisol and psychological responses to a novel stressor in subjects with and without diabetic autonomic neuropathy, but also indicates that these two groups show significantly different cardiovascular responses. The failure of subjects with autonomic neuropathy to demonstrate a bradycardic response to the CO 2 test, despite an equivalent pressor response, suggests a differential sensitivity of the parasympathetic and sympathetic nervous systems to autonomic neuropathy and indicates a potential pathway through which cardiac tachyarrhythmias may occur. It should be noted that R-R variability declines with age, and some of the differences observed in this study may be related to the significant difference in age between the two groups examined. Finally, the further development of this test as a simple and safe means of investigating functional impairments of the sympathetic and parasympathetic nervous system may provide a useful screening tool for the investigation and diagnosis of diabetic autonomic neuropathy.
